The formation of new motor memories, which is fundamental for efficient performance during adaptation to a visuo-motor rotation, occurs when accurate planning is achieved mostly with feedforward mechanisms. The dynamics of brain activity underlying the switch from feedback to feedforward control is still matter of debate. Based on the results of studies in declarative learning, it is likely that phase synchronization of low and high frequencies as well as their temporal modulation in power amplitude underlie the formation of new motor memories during visuo-motor adaptation. High-density EEG (256 electrodes) was recorded in 17 normal human subjects during adaptation to a visuo-motor rotation of 60°in four incremental steps of 15°. We found that initial learning is associated with enhancement of gamma power in a right parietal region during movement execution as well as gamma/theta phase coherence during movement planning. Late stages of learning are instead accompanied by an increase of theta power over that same right parietal region during movement planning, which is correlated with the degree of learning and retention. Altogether, these results suggest that the formation of new motor memories and, thus, the switch from feedback to feedforward control is associated with the modulation of gamma and theta spectral activities, with respect to their amplitude and phase, during movement planning and execution. Specifically, we propose that gamma/theta phase coupling plays a pivotal role in the integration of a new representation into motor memories.
Introduction
Accuracy of rapid reaching movements mostly relies on the precision of the motor plan, which, in turn, is based on motor memories, or internal models. Such memories can be formed, updated, and retrieved during motor learning with the cooperation of feedback and feedforward mechanisms. Initially, in the learning of a new visuo-motor transformation, the original motor plan is inadequate for the new situation and must be corrected during its execution, a feedback-type mechanism. With practice, information about errors are integrated in the motor plan-a feedforward process-and the resulting trajectories do not need additional online correction. Motor adaptation is successful when new visuo-motor relationships are formed and internal models are created or updated (Kawato, 1999) .
Despite a plethora of studies showing that visuo-motor adaptation to a rotated display involves activity of posterior parietal, premotor, and frontal regions (Ghilardi et al., 2000; Inoue et al., 2000; Contreras-Vidal and Kerick, 2004; Huber et al., 2004; Krakauer et al., 2004; Anguera et al., 2009; Gentili et al., 2011) , cerebellum (Imamizu et al., 2000) , and basal ganglia (Graydon et al., 2005) , the neural mechanisms underlying the changes in movement planning and execution during adaptation have not been defined. It has been suggested that adaptation may result from synaptic changes in posterior parietal and frontal areas (Huber et al., 2004; Gentili et al., 2011) ; however, direct evidence for such synaptic changes or their dynamics is rather sparse.
Recent studies on declarative working memory with EEG, which was used to study functional coupling of neural populations and the temporal dynamics of sensorimotor and cognitive processes, suggest that both low-and high-frequency oscillations are important in sharpening existing memories and in forming new ones (Herrmann et al., 2010; Sauseng et al., 2010) . In particular, phase coupling between regions and frequency bands would promote memory formation and neural communications (Lisman, 2010; Fell and Axmacher, 2011), whereas theta oscillatory activity would be crucial for memory maintenance and utiliza-tion (Sauseng et al., 2010) . Therefore, phase synchronization might well underlie the formation of new internal models also during visuo-motor adaptation. In addition, because theta activity has been associated with motor performance enhancement (Caplan et al., 2003; Tombini et al., 2009; Gentili et al., 2011; Perfetti et al., 2011) , we hypothesize that motor memory formation is linked to the emergence of theta oscillations during motor planning in specific brain areas. The present study investigates the changes in high-density EEG (hd-EEG) during a task in which subjects are exposed to small stepwise rotation increments and adaptation is achieved implicitly, without awareness (Ghilardi et al., 2000; Huber et al., 2004) . We found that the shift from feedback to feedforward mechanisms during adaptation is associated with enhancement of gamma power and gamma/theta coherence in right parietal areas. Specifically, in the right parietal areas, enhanced gamma power occurs during movement execution in the early adaptation phases and is followed by, later on, an increase of theta activity during movement planning.
Materials and Methods

Subjects
Seventeen subjects (mean Ϯ SD age, 21.2 Ϯ 1.4 years; 14 men) participated in the study. All subjects were naive to the aims of the experiments. They were all right handed as determined by the Edinburgh inventory (Oldfield, 1971) , had normal or corrected vision, and no history of neurological or psychiatric disorders. The experiments were conducted with the approval of the Institutional Review Boards of the participating institutions, and all participants signed a written informed consent form.
Experimental setup and motor tasks
Subjects were seated in front of a computer screen and moved a cursor on a digitizing tablet with their right hand. An opaque panel placed at shoulder level prevented the view of the hand and forearm at all times. Subjects were outfitted with a 256-electrode cap, and hd-EEG data were collected for the entire duration of the experiment. They performed two motor tasks that have been described in details previously (Ghilardi et al., 2000; Huber et al., 2004; Perfetti et al., 2010 Perfetti et al., , 2011 . Briefly, participants were required to perform straight out and back movements from a central starting point to one of eight radially arrayed targets (distance, 4.0 cm), which were presented at 1.5 s intervals in an unpredictable order. Instructions were to respond as soon as possible and to move as fast and as accurately as possible, to avoid corrections, and to reverse sharply within the target circle.
In the baseline motor task, RAN, the direction of the cursor on the screen, corresponded to that of the movement on the tablet. In the motor learning task, ROT, unbeknownst to the subjects, the direction of the cursor on the screen was rotated relative to the direction of the hand by 60°in four incremental steps of 15°each (Huber et al., 2004) . In both tasks, targets were presented in "runs" of 88 movements, each with a total run duration of 132 s. After familiarization with the apparatus, subjects performed two runs of RAN and 12 of ROT (three for each 15°rotation steps). Figure 1 summarizes the experimental design. In a subset of 13 subjects (11 men; mean Ϯ SD age, 21.0 Ϯ 1.2 years), we also assessed retention the following day using the same experimental procedure but without EEG recordings.
As reported previously (Ghilardi et al., 2000; Perfetti et al., 2011) , for each movement, we measured several parameters: reaction time, as the time from the target appearance to the movement onset; amplitude of peak velocity; movement time, as the time from movement onset to reversal; and directional error at the peak velocity. The latencies of both reversal point and stimulus presentation were marked and aligned to the corresponding EEG recordings and used for signal processing (see below) to define the brain dynamics related to movement preparation and execution (Perfetti et al., 2010 .
Adaptation was computed for each step of rotation (15°, 30°, 45°, 60°) as the decrease in mean directional error between the first 30 trials and the last 30 trials (Fig. 1) . The means for each subject were then averaged across the four rotation steps to get global individual indices of adaptation for correlation analyses (Pearson's r) with electrophysiological markers.
To investigate the adaptation process, general linear models for repeated-measures and paired-sample t tests were performed on mean directional errors. Post hoc analyses were performed when needed with Bonferroni's correction procedures.
To determine whether performance improved the following day, in the subset of 13 subjects, mean directional errors of the EARLY ROT of day 1 and day 2 were compared with paired t tests. The average difference between the two days was used as an index of retention for correlational analyses with electrophysiological data (Pearson's r).
EEG recording and signal processing
hd-EEG was recorded from 256 electrodes (Hydrocel net; Electrical Geodesics) while subjects performed the motor tasks. Data were collected using the high-impedance amplifier Net Amp 300 and Net Station 4.3 (Electrical Geodesics). Impedances were kept below 50 k⍀ with a sampling rate of 250 Hz, and no electrolyte bridges were detected in any of the recording sessions. From the original 256 electrodes, we selected 181 sites on the basis of their location on the scalp. To do so, we removed 75 channels there were located on the cheeks and on the neck. The remaining 181 electrodes were used for additional analysis. During the recording, the EEG signal was referenced to a Cz sensor. For analysis, data were re-referenced to the average across the 181 electrodes. No technical issue was associated with the recording. Pre-processing. Data pre-processing was performed with Net Station 4.3 software (Electrical Geodesics) and the public license toolbox EEGLAB (Delorme and Makeig, 2004) , as described previously (Perfetti et al., 2010 . Briefly, the continuous EEG signal was high-pass filtered above 0.5 Hz and low-pass filtered below 80 Hz with a notch filter centered at 60 Hz; channels affected by bad scalp-electrode contact (either silent or saturated electrodes) were visually identified and replaced with spherical splines interpolation (for a maximum of 10 channels). EEG was then segmented into 6 s epochs based on movement onset latencies (from Ϫ3 to 3 s after movement onset). This epoch length was selected to prevent contamination of the EEG with possible effects of filters edge artifacts that might be associated with some of the analyses. Finally, stereotypical artifacts, such as blinks, eye movements, motionrelated signals, muscular activity, slow drift of the signal, detachment of the transient electrodes, line noise, and heart signals were removed by principal component analysis (Jung et al., 2000; Dien and Frishkoff, 2005) and any non-stereotypical artifacts by visual inspection. In particular, the identification of components accounting for extra-brain artifactual stereotyped sources was based on a well-established procedure detailed previously (Makeig et al., 1997; Jung et al., 2000) . Briefly, we visually inspected the power spectral density, topographical maps, and time activations of each estimated component, which have been proved to be highly informative of the nature of the signal accounted by the spatial filter. For instance, components showing peculiar and selective activity in the higher-frequency bands and that were associated with a "spotty" topography were considered as spatial filters accounting for muscular activity. Conversely, selective high power in the 2-4 Hz range with peculiar activity in anterior frontal region were considered as components accounting for ocular signals. The components identified as "bad" were removed from the raw EEG signal. On average, we rejected 43.8 Ϯ 7.6 components of 100 estimated spatial filters, accounting for 59.3 Ϯ 19.1 (ranging from 25 to 79%). We further visually inspected the power spectral density of the "corrected" raw EEG signals to rule out the presence of any residual artifacts (Perfetti et al., 2010 .
Because the main aim of the current investigation was to study the brain activity associated with early and late phases of adaptation, all EEG analyses were performed on the first 30 and the last 30 trials of each step of rotation (Fig. 1) . Importantly, we did not find significant differences in the adaptation rate in the four steps (see Results). Thus, to account for the time-dependent variation of the EEG signal, in each subject, we obtained an average across the four steps for the first 30 trials of the four steps (EARLY ROT) and for the last 30 trials (LATE ROT; Fig. 1 ).
Spectral estimates. Spectral estimates at all channels were obtained in each participant on a single-trial basis by using Matlab 7 (MathWorks) and the public license toolbox EEGLAB (Delorme and Makeig, 2004) . Time-frequency representations (TFRs) were computed using Morlet Wavelet transforms. The epoch length used was 3750 ms (1250 ms before to 2500 ms after movement onset; this was done to visualize low-frequency changes). Each trial epoch was portioned into 200 segments (distance between two consecutive bins was 16 ms). The lowest frequency was set at 4 Hz with three cycles, resulting in a window size of 209 sample points (836 ms). At the maximum frequency (80 Hz), the cycles were 30. The distance between two output frequency bins was 0.5 Hz. For each step, we averaged the single-trial TFRs of the first 30 trials and, separately, of the last 30 trials. The results (TFRs) were further normalized: TFRs of each channel was normalized by the average power calculated across all channels for all the specific frequency bins.
Task-related power variations were investigated within four frequency bands (theta, (4) (5) (6) (7) (8) alpha, (8) (9) (10) (11) (12) (13) beta, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) and gamma, and two temporal windows: movement planning (250 ms before movement onset) and execution (250 ms after movement onset). Figure 2 A showed that both reaction time and movement times were, on average, ϳ250 ms. TFRs were averaged within the two temporal windows and the four frequencies for both RAN and ROT and then for ROT, across the four steps in the EARLY ROT and LATE ROT.
Finally, to investigate local changes of EEG power across RAN, EARLY ROT, and LATE ROT, for all the selected time intervals and frequencies, we constructed topographic maps by using a statistical nonparametric mapping procedure (SnMP; simple-threshold, p perm ϭ 0.05). Pairedsample t tests were used to compare group spectral estimates between two conditions at all channels. The resulting t scores were plotted on the scalp by spherical spline interpolation. To take advantage of the actual data distribution and account for multiple comparisons testing in highdensity EEG recordings, significant criteria were determined on the basis of a permutation test (Nichols and Holmes, 2002) as described in previous papers (Huber et al., 2004; Perfetti et al., 2011) . Specifically, EEG readings at each electrode for two conditions were shuffled according to 4096 possible permutations (randomly selected). Based on the statistics obtained from the permutation data, we calculated a t value for each electrode and found the maximal t value over all electrodes. The t value threshold was taken as the 95th percentile of the permutation-derived t values, and electrodes exceeding that threshold were taken as showing a significant difference between the two conditions. Based on these maps, we identified channels with significant differences in any of the contrasts, which were further pooled into two regions of interest (ROIs) on the basis of their scalp localization (Fig. 3B ). ANOVA for repeated measures was used to assess differences in ROI power across the RAN, EARLY ROT, and LATE ROT (condition was the main factor with three levels). Least significance difference test was used for post hoc analysis and false discovery rate was used to minimize type I error. Finally, for each frequency and interval, we computed the difference between first and the last TFRs and averaged the results across the four rotation steps. These values were used in correlational analyses with indices of adaptation and retention.
Cross-frequency phase coherence. We explored the phase synchronization between theta and gamma frequency bands within the right parietal ROI above described and depicted in Figure 3B . We selected this ROI because, first, it showed significant task-related power changes in the theta and gamma bands, two frequency ranges that have been primarily considered fundamental in declarative memory processes. Second, in a number of EEG sleep and resting state studies (Huber et al., 2004; Landsness et al., 2009 Landsness et al., , 2011 Määttä et al., 2010) , we have shown previously significant local changes of spectral activity (delta and alpha bands) associated with learning that were localized over the right parietal cortex at scalp sites that almost overlapped the ones identified here. We first averaged the raw signal for the selected region (right parietal; Fig. 3B ) and then computed the cross-frequency phase coherence analysis (CrossFrPC), as described by Cohen (2008) . To compute Cross-FrPC, we used a three-step procedure that was repeated over different frequency bins and temporal windows at a single-trial level. For optimal frequency-time resolution tradeoff, we used overlapping time windows of 500 ms, moving by 12 ms in each iteration. Upper frequency bin distance was 2 Hz, with a total bandwidth of 5 Hz and ranging from 25 to 55 Hz (gamma band). The lower frequency was centered at 7 Hz, with a total bandwidth of 3 Hz (theta band; 7 Ϯ 1.5 Hz). In a first step, the EEG signal of the upper frequency bin was narrow bandpass filtered, and the power time series was extracted as the squared magnitude of the analytic signal obtained from the Hilbert transform. Then, the EEG signal of the lowerfrequency band was bandpass filtered, and its phase time series was obtained from the angle of the Hilbert transform. The filtering was done by using a two-way, least-squares FIR (finite impulse response) procedure [as implemented in EEGLAB (Delorme and Makeig, 2004) ]. In a second step, coherence value between the upper and lower frequencies in the preselected time window was computed. The power time series of the upper frequency in the 500 ms was extracted and normalized, and its instant phase was obtained through the Hilbert transform. For the same time window, the phase time series of the lower frequency band was extracted, and the Cross-FrPC between the two frequencies was computed using the phase coherence measure:
where n is the number of time points, ut is the phase value of the power time series in the upper frequency at time point t, and lt is the phase of the lower frequency band time series at time point t (Cohen, 2008) . The magnitude of the Cross-FrPC value can vary from 0 to 1, where 0 reflects absence of phase synchronization and 1 indicates that the phase indices are completely synchronized. The computation of Cross-FrPC was repeated over time and frequency for every single trial to get a full matrix of gamma/theta phase coupling in the time interval of interest. Because we were interested in the planning and execution of movement, the computation of the Cross-FrPC values was restricted to the window ranging from 500 ms before to 500 after movement onset even if the 6 s epoch trials were used for the filtering processes. After this procedure was applied at trial level, in a third step, we computed the mean of Cross-FrPC values across trials for RAN and ROT. Specifically, we first obtained these values for the RAN and for all the first and last 30 trials. Then, as for previous analyses, we averaged the resulting values across the four steps of rotation to estimate coherent phase gamma/theta activity for the EARLY ROT and LATE ROT. Task-related changes in gamma/theta phase coupling were assessed using SnMP. t scores were computed along the frequency (the different gamma band bins) and time (time interval, Ϫ500 to 500) dimensions. The uncorrected p values (p uncorr Ͻ 0.01) and the significant criteria determined on the basis of permutation test (p perm ϭ 0.05) were assessed and plotted on the time-frequency maps. Analyses were performed in Matlab 7 (MathWorks) using signal processing and the public license EEGLAB (Delorme and Makeig, 2004) toolboxes. Cross-channels phase coherence. We computed cross-channel phase coherence (Cross-ChPC) values for RAN and all the first and last 30 trials of ROT to study the formation of transient neural assemblies between the right parietal region (the same identified for Cross-FrPC; Fig. 3B ) and all the 181 electrodes. For each participant, we obtained Cross-ChPC indexes on a single-trial basis in the range of 4 -80 Hz for a 3750 ms time window (1250 ms before to 2500 ms after movement onset) by using Matlab (MathWorks) and the public license toolbox EEGLAB (Delorme and Makeig, 2004) . First, we obtained an average signal for the right parietal region and then we computed the coherence values (Delorme and Makeig, 2004) . A Morlet wavelet approach was used with the same parameters reported previously in the spectral analysis section. We then determined mean coherence estimates for the two temporal intervals, planning and execution, and for the four frequency bands. Finally, taskrelated changes in phase coherence were estimated by using SnPM procedure (p perm ϭ 0.05) and the relative t scores maps plotted, as described previously. Significant criteria were determined on the basis of permutation test (Nichols and Holmes, 2002) . Cross-ChPC is a frequency-domain measure that reflects coherent activity between distant areas engaged in a specific task. The degree of phase synchronization between two channels (expressed by values between 0 and 1, where 1 indicates the maximum synchronization) is commonly considered as an index of reciprocal interactions between the participating neural populations. However, it could also be sensitive to shared activity as a result of volume conduction or computational consequence of the choice of a recording reference.
Results
Adaptation rate is similar across steps
As in previous experiments (Huber et al., 2004; Landsness et al., 2009; Perfetti et al., 2011) , movements in both RAN and ROT tasks were straight with sharp reversals and overlapping strokes. Velocity profiles were bell-shaped, with clear acceleration and deceleration phases. Reaction time, movement duration, and peak velocity were stable across the entire session (Fig. 2 A, B) .
The directional accuracy at the peak velocity in fastreaching movements is a good proxy for planning accuracy. Thus, its changes in the course of adaptation reflect the switch from feedback to feedforward mechanisms: a higher accuracy at that point indicates a better plan, a greater degree of learning, and, thus, a lesser need for feedback corrections. Indeed, during ROT, subjects progressively decreased the directional error at peak velocity across runs and steps (run, F (2,32) ϭ 55.01, p Ͻ 0.0001; step, F (3,48) ϭ 39.04, p Ͻ 0.0001; run ϫ step, F (6,96) ϭ 0.75, p ϭ 0. 610; Fig. 2C ). This result was confirmed by the finding of lower directional errors in the last 30 movements compared with the first 30 movements of each step (blocks, F (1,16) ϭ 141.93, p Ͻ 0.0001; step, F (3,48) ϭ 29.26, p Ͻ 0.0001; run ϫ step, F (6,96) ϭ 1.7, p ϭ 0.18; Fig. 2 D) . Importantly, adaptation rates (i.e., the difference of directional error between the first and last 30 movements) were similar across steps (F (3,48) ϭ 1.71, p ϭ 0.20; Fig. 2 D) . Thus, for each subject, we computed an average index of early adaptation (EARLY ROT) and one of late adaptation (LATE ROT) by averaging the corresponding directional errors across the four steps. These indices were used for correlations with EEG-derived indices (see below).
Finally, as reported previously (Huber et al., 2004; Landsness et al., 2009) , adaptation rates were faster when tested the following day (t (12) ϭ 2.44, p ϭ 0.031; day 1, 11.3 Ϯ 1.2; day 2, 9.02 Ϯ 1), suggesting the occurrence of retention and enhancement in this visuo-motor skill. Notably, when subjects were asked whether they have noticed anything during the task execution, they reported that something "strange" was going on with the mouse, but nobody ever mentioned explicitly that the cursor on the screen was rotated.
Modulation of gamma and theta activity in a right parietal cortical region
To find the EEG correlates of the switch from feedback to feedforward mechanisms, and thus the development of learning, we first used power analysis to compare RAN (baseline motor task) and EARLY ROT, RAN, and LATE ROT, as well as between EARLY ROT and LATE ROT for all the frequency bands, in both the motor planning and execution temporal windows (250 ms each, see Materials and Methods). Figure 3 shows the significant results. EARLY ROT and RAN did not significantly differ in the motor planning window in any of the frequency bands. However, during movement execution, we found a selective increase of gamma in a small set of electrodes over the right posterior parietal scalp region (Fig. 3A) . In the same area, when we compared LATE ROT and EARLY ROT, we found a significant increase of theta oscillatory activity during movement planning, although there was a decrease of gamma activity during movement execution. Finally, during both movement planning and execution, a significant increase of gamma activity was present over frontal sites. Altogether, these results suggest that the right parietal region plays an important role in the switch from feedback to feedforward mechanisms.
These findings were confirmed and further characterized with the direct comparison of the mean spectral estimates in the three conditions: RAN, EARLY ROT, and LATE ROT. These analyses were performed for the two ROIs, the right parietal and the frontal (Fig. 3B) , obtained by pooling the electrodes with significant power variation. The results are summarized in Figure 3C (bars). Briefly, in right parietal ROI, the tree conditions differed in gamma activity during movement execution (F (2,32) ϭ 10.93, p Ͻ 0.001), with higher values in EARLY ROT compared with RAN (p Ͻ 0.001) and LATE ROT (p ϭ 0.016). Also, theta activity during movement planning showed an effect of condition (F (2,32) ϭ 3.8, p ϭ 0.033), with higher values in the LATE ROT compared with EARLY (p Ͻ 0.001). For the frontal ROI (Fig. 3C, bars) , gamma activity did not show any difference between the two temporal windows: in both, there was a significant effect of condition (F (2,32) ϭ 5.1, p ϭ 0.012), with a significant decrease in EARLY ROT compared with RAN (p ϭ 0.025) and LATE ROT (EARLY vs LATE, p ϭ 0.018). Importantly, the changes in both gamma and theta oscillatory activity between EARLY and LATE ROT were present for all the four rotation steps, as illustrated in the bottom diagrams of Figure 3C . Even if adequate procedures were used to reduce artifacts associated with eye movements, muscle and eye activities might have partially affected the results obtained in the frontal ROI.
We then ascertained whether the gamma and theta differences between EARLY and LATE ROT in right parietal ROI could predict the degree of adaptation and retention in our task. We found that the higher was the increase in right parietal ROI theta oscillatory activity in LATE compared with EARLY ROT during movement planning, the larger was the degree of adaptation (r ϭ 0.5; p ϭ 0.04; n ϭ 17). No correlation was found with any of the other kinematics indices (all r Ͻ 0.14; p Ͼ 0.57), suggesting a specificity of theta modulation in memory processes. In addition, in the subset of 13 subjects in which retention was tested the following day, we found that the same change in theta power showed a correlational trend with the degree of retention (r ϭ 0.5; p ϭ 0.08; n ϭ 13). No relevant correlations were found between gamma band and behavioral indices of learning or retention, suggesting that theta activity in right parietal ROI plays a specific role in the promotion and maintenance of new motor memory.
In summary, our results suggest that learning might be related to a local switch, in the right parietal regions, from gamma activity during movement execution in EARLY adaptation to theta oscillatory activity during movement planning in the LATE stages of adaptation. It is worth noting that, to estimate the contribution of the phase locked oscillatory activity to our findings, we computed the time-frequency transformations on the averaged signal and performed the same analysis as described above. Interestingly, the oscillatory activity phase locked to the movement onset did not show any significant difference between the conditions of interests in any frequency band (data not shown).
During adaptation, gamma/theta phase coupling is enhanced in motor planning
Analysis of the local dynamics of this phenomenon in right parietal ROI should indeed provide important insights on how the brain dynamically forms new and, possibly, more efficient internal models during adaptation. In agreement with the present and previous results that the right posterior parietal cortex plays an important role in visuo-motor adaptation (Ghilardi et al., 2000; Huber et al., 2004) , we focused our attention on the right parietal ROI. In particular, we investigated the functional connectivity across gamma and theta frequencies, which has been suggested recently as a marker of memory formation (Lisman and Idiart, 1995; Sauseng et al., 2010) . The findings of the cross-FrPC are reported in Figure 4 . The mean gamma/theta coherence values over the planning and execution of reaching plateaued in the gamma range between 35 and 50 Hz (Fig. 4 A) . EARLY ROT compared with RAN yielded a general increase of gamma/theta phase coupling before the movement onset (Fig. 4 B) , reaching statistical significance during movement planning just after stimulus presentation. In the LATE ROT, the increased gamma/ frequency-time spots (1 and 2) that showed significant differences (white, p Ͻ 0.05 determined on the basis of permutation test; shaded, uncorrected p Ͻ 0.01). Under each t-score maps, the time courses of the gamma/theta coherence within the significant spots for the two conditions are shown. C, Circles represent the means and SE of the gamma/theta coherence for spots 1 and 2 during RAN and for the first 30 trials (E) and last 30 trials (L) for each step of ROT (15, 30, 45, 60) . D, The maps show the t scores obtained from the comparisons of gamma/theta phase coupling across RAN, EARLY ROT, and LATE ROT at the spot squared in B.
theta phase coherence was still evident before the movement onset. In summary, compared with RAN, movement planning during adaptation is accompanied by an enhancement of gamma/theta phase coupling, which is more evident in the EARLY ROT (Fig. 4 B-D) . Direct comparison between LATE and EARLY ROT revealed a significant decrease of gamma/ theta phase synchronization during movement execution (Fig. 4 B-D) .
The higher values of gamma/theta phase coupling in the right parietal region during the adaptation process might reflect the dynamic changes related to synaptic plasticity-and thus, to the formation of new memories-in the posterior cortex (Wespatat et al., 2004; Jensen et al., 2007) . In this context, the connectivity of the right parietal ROI with other regions acquires particular importance, because it might reveal the formation of transient neural assemblies important for motor learning.
Enhanced gamma band connectivity between centro-posterior regions occurs during early adaptation
To determine the functional connectivity of the right parietal ROI with the other sites of the scalp, we computed cross-channel phase coherence between the right parietal ROI and all the 181 electrodes. The obtained topographies in the planning and execution intervals were similar between conditions for all the frequency bands. Task-related coherence variation for all frequency bands was tested separately for planning and execution with the SnPM approach. The significant findings are shown in Figure 5 . Briefly, the only significant differences were found in the gamma band (25-55 Hz) between EARLY ROT and RAN (p Ͻ 0.05). Specifically, in the EARLY ROT and only during movement planning, there was a significant enhancement of phase coupling of the right parietal area with the contralateral homologous region. During movement execution, this phase synchronization spread widely over the left hemisphere, reaching significance over the left parieto-occipital region. These results suggest that the early stages of adaptation are associated with enhanced connectivity in the gamma band between the centro-posterior regions of the two hemispheres. However, we must acknowledge that the use of reference-dependent EEG signal for the phase coherence analysis could have biased our results.
Discussion
The current study is the first to characterize the dynamic changes in hd-EEG oscillatory synchronization associated with acquisition of new motor skills in a task in which visuo-motor learning is achieved without awareness. The main, novel finding is that the shift from feedback to feedforward mechanisms, which drives adaptation, is associated with the modulation of gamma and theta power amplitudes and phase coupling in the right parietal regions: in these areas, gamma power, which is enhanced during movement execution at the beginning of adaptation, leads, later on, to an increase of theta during movement planning. Moreover, gamma/ theta synchronization is enhanced during adaptation.
The early phase of learning
In the early stage of adaptation when errors were higher, we found that, over the right parietal region, gamma power increased during movement execution, whereas theta/gamma phase coupling increased during movement planning. Both changes likely reflect integration of feedforward and feedback information as well as attentional mechanisms promoting the development of new efficient motor plans. Specifically, enhancement of gamma power might reflect the mismatch between the old and the new visuo-spatial coordinates as well as its transient representation, whereas the increase of phase coupling between high and low frequencies might reflect the integration of new information into a new internal model. Indeed, gamma band is enhanced in response to unfamiliar stimuli (Gruber and Müller, 2002; Fiebach et al., 2005) . Also, gamma band synchronization is involved in forming transient representations in a specific sensory modality (Gray et al., 1989; Tallon-Baudry and Bertrand, 1999; Kaiser et al., 2004) and at multisensory levels (YuvalGreenberg and Deouell, 2007; Schneider et al., 2008; Senkowski et al., 2009 ). In our study, gamma increase in the right parietal regions was selectively found during movement execution, when novel information about visuo-spatial coordinates is processed and integrated. Thus, gamma enhancement would serve to form a new representation that, once established, can be used to bias and shape the internal model, thus improving motor planning. Interestingly, this is the first demonstration of gamma modulation in a task in which adaptation is achieved without subjects' awareness, and no anticipatory cognitive strategies can be adopted.
It has been proposed recently that oscillatory phase synchronization between frequencies is responsible for the transfer of the new integrated percept to memory systems and for the synaptic changes underlying sustained representations (Fell and Axmacher, 2011) . Indeed, a significant enhancement of gamma/theta phase during planning was evident both early and, to a lesser extent, late in visuo-motor adaptation. Accordingly, many EEG and MEG studies adopting short-and working-memory paradigms have shown that gamma/theta phase coupling is associated with encoding and retrieval of verbal and visual information (Cowan, 2001; Sauseng et al., 2009 ). Interestingly, a theory posits that memory formation is facilitated by the "nesting' of gamma cycles into a theta period, where each gamma cycle represents a single item (Lisman and Idiart, 1995; Sauseng et al., 2010) . These nested gamma/theta oscillations would code the stimuli temporal or spatial sequence by their phase relation (Sauseng et al., 2009; Fell and Axmacher, 2011) . Thus, our results suggest that the formation of new motor memories is favored by increases of gamma/theta phase coupling. This is the first demonstration of this memory-promoting mechanism during learning without awareness. Of note, phase coherence between gamma and other frequencies as delta and alpha have been related to motor and sensory demands, as well as during resting state (de Lange et al., 2008; Lakatos et al., 2008; Osipova et al., 2008; Jerbi and Bertrand, 2009) . Future studies are needed to investigate the contribution of these neural mechanisms to motor adaptation.
The main EEG changes during adaptation took place over right posterior parietal areas, which are involved in many spatialrelated tasks (Haxby et al., 1991; Jonides et al., 1993; McIntosh et al., 1994; Fink et al., 1996; Haxby et al., 1996) . We acknowledge that EEG analysis at the scalp level suffers of low spatial resolution, especially in terms of lateralization. Nonetheless, our findings are in agreement with previous studies showing a specific learning-related involvement of the right parietal cortex in this task (Ghilardi et al., 2000; Huber et al., 2004; Landsness et al., 2009 ). These regions have been often addressed as crucial nodes in multisensory integration, attention, and motor planning during reaching (Batista et al., 1999; Sabes, 2000; Van Der Werf et al., 2010; Perfetti et al., 2011) . Indeed, these processes are especially important in early adaptation, because the discrepancy between feedback and feedforward information triggers the development of new internal models and must occur with the synergy of multiple regions. Supporting these conclusions, we found that, during early adaptation, connectivity between the right parietal region and the contralateral hemisphere increases in the gamma band, in agreement with the findings of parietal gamma oscillatory activity in visuo-spatial processes of reaching and saccadic movements (Womelsdorf and Fries, 2006; Van Der Werf et al., 2010) .
Interestingly, frontal areas also showed marked changes in gamma power: it diminished in early adaptation both during planning and execution but returned toward the range of the RAN at the end of adaptation. This modulation might be associated with the general selection and attention processes that are involved in reaching, because frontal gamma synchronization has been associated with attentional and intentional processing during motor tasks in humans (Brovelli et al., 2005) and with action selection during a variety of tasks in animals (for review, see Womelsdorf and Fries, 2006) . The few EEG and MEG studies with visuo-motor learning tasks have extensively documented involvement in many frequency bands of frontal regions, frontoparietal networks, and primary sensory motor areas (ContrerasVidal and Kerick, 2004; Anguera et al., 2009; Bradberry et al., 2010; Gentili et al., 2011) . The results of such studies are not easily comparable with ours for methodological reasons. First, and most importantly, the paradigms used in those studies required, or at least allowed for, the implementation of cognitive strategies, whereas learning in our task occurred implicitly, without the subjects' awareness. Second, differently from the other studies, we used a direct contrast between conditions without any baseline, normalizing the data by global power within frequency bins. This proved to be an effective method to detect local spectral changes (Kaiser et al., 2008) .
Late adaptation
In late adaptation, when the directional error was lower, over the right parietal region, movement execution was associated with a decrease of gamma power, whereas movement planning was accompanied by a significant increase of theta oscillatory activity. In addition, the synchronization between gamma/theta bands diminished. Altogether, these findings represent the physiological cascade associated with the acquisition of a new motor memory or internal model. In each rotation step, directional error constantly decreased in the late trials compared with the early ones, suggesting that the development of new and more efficient motor plans occurred equally across steps. This, in turn, implies that visuo-spatial remapping had taken place and new neural representations have been established. We thus hypothesize that the decrease of gamma band power during movement execution compared with the early stage of learning reflects a "repetitionsuppression" phenomenon (Gruber and Müller, 2002) , whereas the increase of theta power during movement planning is the hallmark of an accurate, successful motor plan formation (Fig.  3A) . Consistent with these conclusions are the reports of an enhancement of gamma band oscillations in response to repetition of unfamiliar stimuli (Gruber and Müller, 2002; Fiebach et al., 2005 ) and a decrease of gamma power in response to repetition of familiar items (Gruber and Müller, 2002) . Similarly, in our task, early exposure to a new visuo-motor transformation was associated with gamma enhancement, whereas its repetition was accompanied by gamma decrease. Recent studies revealed that both movement speed and direction could be decoded by lowfrequency modulation (in the range of delta and low theta bands; Ͻ7 Hz) during movement execution (Jerbi et al., 2007; Waldert et al., 2008; Acharya et al., 2010) . In our study, it would be plausible to expect an association between changes in movement direction during rotation learning and variation of low-frequency oscillatory activity. Unfortunately, the short intertrial interval adopted in our motor task would have likely caused an overlap of the activity at very low frequency (Ͻ4 Hz) over consecutive trials, making the results of this analysis difficult to interpret.
Theta enhancement during planning and, most importantly, its positive correlation with adaptation and retention indices suggest that theta oscillations are involved in the sustained representation and retrieval of new internal models. This conclusion is in agreement with the role of theta band in reaching and motor learning (Caplan et al., 2003; Tombini et al., 2009; Gentili et al., 2011) and in memory acquisition, retention, and retrieval in verbal and spatial working memory tasks (for review, see Sauseng et al., 2010) .
